Abstract: The present study considers genetic diversity of 38 populations in 4 Cirsium species of the genus Cirsium Mill. (Asteraceae), occurring in different ecological regions and tries to compare degree of genetic variability among the species with wide geographical distribution versus endemic C. pyramidale showing confined geographical distribution. The results showed that the endemic species has similar value of genetic diversity parameters as the species with wider distribution. We also studied the possible admixture nature of these populations and tried to understand the relation between genetic changes, geographical distribution and polyploidy level and chromosome pairing in these species. ISSR analysis showed population difference in allele composition and frequency. Clustering and PcoA ordination produced different groupings in each species, while STRUCTURE and reticulation analyses revealed high degree of genetic admixture and gene exchange among populations as well as allelic rearrangement. No significant correlation was observed between geographical distance and genetic distance of the populations and AMOVA test revealed no significant difference among populations in each species studied. However, high amount of within population variation occurred in all 4 species indicating their cross-pollination nature and high genetic admixture. The populations also varied in chiasma frequency and chromosome pairing as well as the occurrence of heterozygote translocations all creating more variability to be used by plants for local adaptation.
Introduction
The genus Cirsium Mill. (Asteraceae) contains about 250 perennial, biennial or rarely annual and spiny species (Zomlefer 1994; Bureš et al. 2004) . These species mainly grow in Northern hemisphere, Europe, North Africa, Siberia, central Asia, west & east Africa and Central America. They show wide range of ecological adaptations in places they grow and occupy different localities with regard to elevation, temperature and edaphic factors due to their genetic adaptability and plasticity. They also are well known for interspecific hybrid formation and wide gene flow, which also helps their adaptation to various environmental conditions (Bureš et al. 2004) . Such features have resulted in the extensive variation in morphological characters observed in Cirsium taxa. Some Cirsium species exhibit variation in demographic parameters, for example, C. acaule (stemless thistle) reaches a northern range limit and C. heterophyllum (melancholy thistle) reaches a southern range limit in the central region of the UK. (Jump et al. 2003) .
About 44 Cirsium species have been reported in Flora Iranica (Rechinger 1979) , which grow in different regions of the country ranging from far eastern regions to the west and from northern parts of Iran to the south. Each species contains various geographical populations with great morphological and genetic variability as also discussed in detail in one of the species studied recently i.e. C. arvense ) from morphological, cytogenetic and molecular point of views. However, the knowledge about genetic diversity, mode of reproduction and ecological adaptations is absent in other Cirsium taxa occurring in the country, especially about C. pyramidale which is endemic species with confined geographical distribution and just growing in Kerman province. Therefore, the present study considers molecular analysis of 38 populations in 4 Cirsium species of Iran for the first time and tries to show degree of intra and inter-populations genetic diversity in these taxa and if genetic distance among these species is correlated with their geographical distance. We tried also to study the populations genetic structure and if they show admixture and possible role of populations in gene exchange with the others. To obtain knowledge about genetic structure and diversity of Circium species help us to understand better the biology and pattern of species diversification in the genus; furthermore, the prevailing idea that species with limited geographical distribution has lower degree of genetic variability and potential of adaptation would be tested in case of C. pyramidale which is endemic in Kerman province. The present findings will be used latter on to check if populations genetic divergence in species studied resulted in formation of infra-species taxonomic forms. Therefore, genetic diversity studies in Circium taxa is important from evolutionary (species diversification) and taxonomic points of views.
Various molecular markers have been used in genetic diversity studies of different plant species including Cirsium (e.g., Ayres & Ryan 1997; Balloux & Lugon-Moulin 2002; Hettwer & Gerowitt 2004; Ward et al. 2008 ), but microsatellites (SSR) and Inter simple sequences repeat (SSR) markers are reported efficient markers for such investigations in Cirsium (Bodo Slotta et al. 2006; Sheidai et al. 2012 ). To our knowledge this is the first report of its kind from Iran.
Material and methods

Plant materials
Thirty-eight populations of 4 Cirsium (L.) Scop., species from 3 sections were studied (Table 1) The species studied represent 3 different taxonomic sections of the genus available in Iran each with its own geographical distribution (including northern-western distribution in case of C. congestum, C. echinus and C. vulgare, and southern-eastern distribution in case of C. pyramidale). Therefore such plant sampling enable us to compare genetic diversity of species in different sections of the genus and if these 3 taxonomic groups (sections) differ in degree of genetic diversity in spite of almost similar geographical distribution (C. congestum, C. echinus and C. vulgare) and if population divergence differ in them. Moreover, studying C. pyramidale with limited geographical distribution (confined to a single province) can produce interesting data to be compared with other species showing wider geographical distribution.
The plant specimens were collected from natural habitats of these species distributed in 9 different provinces of the country with different altitude, longitude as well as height showing variation in environmental and climatic conditions (Table 1, Fig. 1 ). The voucher specimens have been deposited in the Herbarium of Shahid Beheshti University (HSBU). 
ISSR assay
Total genomic DNA was extracted from fresh leaves randomly collected from 5-10 plants by using the CTAB method given by Murray & Thompson (1980) with the modification described by De la Rosa et al. (2002) . Six ISSR primers used are (GA)9T, UBC810, UBC811, UBC834, UBC849 and CA7GT commercialized by UBC (the University of British Columbia). PCR reactions were performed in a 25 µL volume containing 10 mM Tris-HCl buffer at pH 8; 50 mM KCl; 1.5 mM MgCl2; 0.2 mM of each dNTP; 0.2 µM of a single primer; 20 ng genomic DNA and 3 unit of Taq DNA polymerase (Bioron, Germany). Amplifications reactions were performed in Techne thermocycler (Germany) with following program: 5 min initial denaturation step 94 • C. Amplification products were visualized by running on 2% agarose gel, following ethidium bromide staining. Fragment size was estimated by using a 100 base pairs (bp) molecular size ladder (Fermentas, Germany).
Data analyses
ISSR bands obtained were treated as binary characters and coded accordingly (presence = 1, absence = 0). To assess the genetic diversity, different genetic parameters including the number of common alleles and their frequency, the number of specific alleles, Shannon's Information Index, observed heterozygosity, expected heterozygosity, and unbiased expected heterozygosity (Freeland et al. 2010) were determined for each population as well as over all populations studied.
The populations genetic relationship was determined by Nei and Li genetic distance (Podani 2000) followed by NJ (Neighbor Joining) tree construction. For this purpose, ISSR data were used to determine the genetic distance among the populations followed by bootstrapping for 100 times by PhyloTools ver. 1.32 (Buntjer 2010) . Distance file obtained, was used as input file for Neighbor command of PHYLIP ver. 3.69 (Felsenstein 2009 ) to construct NJ tree. The Consensus command was used to produce bootstrap values for NJ tree obtained by PHYLIP ver. 369. The final tree was observed by NJ plot (Perrière & Gouy1996) . The populations relationship versus distinctness was test by Principal coordinate analysis plot (PCoA) performed after 999 permutation by GeenAlex ver. 6 (2006) and DarWin ver. 5.0 (2009).
The Bayesian model-based clustering was used to elucidate the genetic structure among populations using STRUCTURE ver. 2.3 (Pritchard et al. 2000) . The program structure implements a model-based clustering method for inferring population structure using genotype data consisting of unlinked markers. The model applied in the analysis assumes the existence of K clusters. Applications of this model include demonstrating the presence of population structure, assigning individuals to populations or jointly to two or more populations if their genotypes indicate that they are admixed. We took advantage of an admixture ancestry model under the correlated allele frequency model. The Markov chain Monte Carlo simulation was run 20 times for each value of K for 10 6 iterations after a burn-in period of 10 5 . All other parameters were set at their default values. The proportional membership of each cluster was estimated for each individual and each population.
Finally we studied the possible gene exchange of populations by reticulation. For this purpose, the genetic distance determined among populations was used in T-Rex software (Reconstructing and visualizing phylogenetic trees and reticulation networks, Makarenkov 2001) .
Geographical distance among populations was determined (data not given) and Mantel test (Podani 2000) was performed by NTSYS ver. 2.1 (1999) to study association between molecular distance and geographical distance of the populations studied. Association test was done after 99 permutations. In order to reveal population genetic difference, Analysis of Molecular Variance (AMOVA) was performed by GENEALEX ver. 6. (2006). The genetic variance was partitioned into among populations and within populations.
Results
C. congestum
In C. congestum populations 244 ISSR bands were obtained which ranged in size from 200-3000 bp. Only 2 bands were common to all populations, while 92 bands (37.7%) were specific for one of the populations studied. There were also 17 bands occurring in all except one population.
Based on geographical distribution of C. congestum populations, we recognized 4 population groups viz. 1 -Alborz, 2 -Zanjan, 3 -Northern Iran (Gilan and Mazandaran) and 4 -Semnan/Western Azarbayejan. Details of genetic diversity parameters in these population groups are presented in Table 1 . The No. of different alleles varied from 0.66 (in population group 2) to 1.34 in population group 1, while the No. of effective alleles varied from 1.183 in population group 2 to 1.311 in population group 1. The highest value for Shannon information index (0.309) occurred in population group 1 while, the lowest value of the same (0.156) occurred in population group 2. These groups also showed the highest and lowest values for expected heterozygosity (He) (0.198 and 0.101, respectively) . Therefore, these results suggest a higher degree of genetic diversity in population group Alborz compared to the others. However, AMOVA test revealed that the population groups in this species do not differ significantly in molecular characteristics (PhiPT = 0.051, p = 0.190), which indicated that the population groups occurring in different parts of Iran are not yet genetically very much different from each other. This may be due to close vicinity of the areas covered by population groups and possible gene exchange among them which will be explained in more details in coming paragraphs.
Nei's genetic distance and identity were determined among 10 populations of C. congestum which are given in Table 3 . The highest value of genetic distance was observed between populations 4 (Firouzkooh) and 10 (Gachsar) (0.62), followed by 1 (Semnan) and 10 (Gachsar) (0.59), and population 5 (Zanjan to Tehran) and 10 (Gachsar) (0.59).
The NJ tree and the PCoA plot are provided in Figs 2 and 3. The NJ tree produced almost 4 separate clusters. The populations 1 and 4 (Semnan and Firouzkooh) show more genetic affinity and comprise the first cluster, while 5 populations 5-7, 3 and 9 form the second major cluster, in which populations 8 (Asara) and 9 (Saein-qualeh) show more genetic affinity and are joined each other.
Two populations of 2 and 3 (Khor and Gheydar) form the third cluster while, population 10 (Gachsar) alone stands in the forth cluster. However, the bootstrap values obtained for these cluster are not high and not supporting well enough.
The PCoA plot supports the broad grouping made by NJ tree but it differs in some details. For example, it shows more genetic affinity between populations 2 and 3 to which, population 1 joins with some distance. Similarly, more genetic affinity is shown between populations 5 and 6 to which population 7 is joined with some distance. Moreover, separation and genetic differences between populations 10 from the others is also evident in PCoA plot. These results showed that, individual populations did differ genetically from each other although as stated before, population groups did not. This is further supported by the fact that groupings of the populations obtained did not agree exactly with geographical locality of the populations. For example, populations 2, 8 and 9 are all from Alborz province but are included in different clusters. Similarly, the populations 3, 5 and 9 are from Zanjan province but are placed far from each other.
It is surprising to mention that Mantel test showed negative significant association between genetic difference and geographical distance of these populations (r = −0.52, t = −1.89, p < 0.05), indicating more genetic diversity among populations having less geographical distance.
Q matrix constructed by STRUCTURE program (Fig. 4) showed close affinity between populations 2 and 3 supporting NJ tree, while population 1 is placed far from them. This figure although shows allelic similarities among these 3 populations it reveals difference in the frequencies of common alleles in them. Populations 5, 6 and 7 are very similar to each other but differ in the frequency of their common alleles. Populations 8 and 9 which are placed close to each other in both NJ tree and PCoA plot are again placed close to each other in Q matrix, population 8 shows some specific alleles (colored blue and black), which are totally absent in population 9. Finally, populations 4 and 10, which were grouped together with some distance in both NJ tree and PcoA plot, show affinity in Q matrix too. However, in spite of having similar alleles they differ in the alleles frequency great enough to have different genetic structure.
Reticulation analysis of these populations (Fig. 5 ) showed, grouping similar to NJ tree and also shows the occurrence of gene exchange/allelic similarity between populations 6 and 10, between populations 8 and 3, between populations 7 and 2 as well as between populations 5 and 2.
C. pyramidale In C. pyramidale populations 203 ISSR bands were obtained which ranged in size from 200-3000 bp. Only 7 bands were common to all populations, while 72 bands (35%) were specific for one of the populations studied. There were also 14 bands occurring in all except one population.
C. pyramidale is endemic in Kerman province and all its populations are distributed in South-East part of the country. Since these populations occur in the same province and are in close vicinity, we did not have any pre-assumption bout the number of populations group in them. Therefore first we carried out NJ analysis to identify the population groups (Fig. 6) , and then we analyzed the genetic diversity parameters in these population groups as presented in Table 2.
The mean value of genetic diversity parameters of this species is presented in Table 2 . In general the mean value of genetic parameters in this endemic species with limited geographical distribution is in the same range of the other species studied. AMOVA test revealed that only 3% of total variance is due to among populations and 97% is due to within populations and no significant genetic difference occurs among the population groups studied (p = 0.30).
Nei's genetic distance and identity determined among 8 populations of C. pyramidale (data not shown) showed the highest value of genetic distance between populations Hankaei (pop 4) and Dalfard (pop 7) (0.75), followed by populations Hankaei (pop 4) and Nanook (pop 8, 0.65).
The NJ tree of populations and the PCoA plot are Table 1 ). Fig. 6 . NJ tree of C. pyramidale populations (the numbers above branches are bootstrap values; the population code is according to Table 1 ).
provided in Figs. 6 and 7. In both analyses, almost 3 distinct major clusters are formed. The populations 2 and 3 (Gonbadan, Mosaroyieh) and populations 6 and 7 (Remodarreh and Dalfard) comprise the first major cluster. These populations are distributed in 2 sub clusters which are joined each other with some distance. These two sub clusters are supported with high bootstrap values.
The populations 1 and 4 (Amiraabad and Hankaei) show genetic affinity and comprise the second cluster, while the populations 5 and 8 (Dehdivan and Nanook) form the third major cluster. Affinity between populations 1 and 4 is not well supported by bootstrap value (47%). The populations 5, 8 and 1 (Dehedivan, Nanook and Amiraabad) comprise the third cluster showing 100% bootstrap value.
The PCoA plot supports NJ tree topology but shows that population 4 (Hankaei) is placed far from population 1 (Amiraabad) due to its genetic difference which is in agreement with low bootstrap value mentioned before. Therefore, even in this species with confined geographical distribution some populations diverged genetically from the others so much similar to Circium species with wider geographical distribution. However, Mantel test revealed no association occurs between their genetic distance and geographical distance in populations of C. pyramidale (r = −.01, t = 0.73, p > 0.2). Fig. 8 . This figure also supports the grouping obtained indicating the presence of similar alleles in the genomes of the populations studied, however, they show variation in the frequency of alleles. This figure clearly indicates high degree of rearrangements in common alleles in these very closely placed populations.
Reticulation (Fig. 9 ) not only supported the groupings obtained, but also revealed the gene exchange/common alleles in populations 4 and 1, and between populations 3 and 4, also in populations 8 and 6 and 7.
C. echinus
In total 207 ISSR bands ranging in weight from 220 to 1700 bp were observed in C. echinus populations, out of which 84 (40%) bands were population specific. There were 17 bands occurring in all populations except one. In total 7 populations were studied in this species which based on locality were differentiated in 3 population groups, 1 -Eastern Azarbayejan including populations 1 and 2 (Eskanloo and Ahar), 2 -Ardebil including populations 3 and 4 (Lahrood and Khalkhal respectively) an 3 -Northern Iran, including populations from Gilan and Mazandaran provinces (populations 5, 6 and 7 respectively). Table 1 ).
The highest value in No. of effective alleles, Shanon index and He was observed in population group 2 (1.335, 2.86 and 0.196, respectively, Table 2 ). AMOVA test revealed that 8% of total variation is due to among populations and 92% is due to within population diversity. The analysis showed no significant difference among populations group (p = 0.1).
NJ tree of the populations produced 3 major clusters (Fig. 10) . Populations 1-4 and 6 comprise the first major cluster, while populations 2 and 3 form the second cluster. However, both these clusters show low bootstrap values. Two populations of 5 and 7 join the others with some distance. Association test showed no significant association between genetic distance and geographical distance among C. ehinus populations (r = 0.12, t = 0.31, p = 0.62).
PCoA plot produced 3 groups supporting NJ tree but revealing more details (Fig. 11) . For example close affinity among populations 1-3, and separation of population 4 from these populations is more evident. Close affinity among populations 5-7 is also supported here which is somewhat different from NJ tree topography.
Q matrix figure is presented in Fig. 12 shows close affinity between populations 2 and 3 supporting NJ tree, however they show some allelic difference. Separation of population 4 from population 1 is evident in this figure as they show extensive allelic difference, both in content and in allele frequency. A close affinity among Table 1 ; dashe lines indicate gene exchange/allelic similarity). populations 5-7 is observed in this figure although they show some allele rearrangement. Reticulation of C. echinus populations also support the population affinity obtained and also shows genetic exchange/common alleles between populations 1 and 4, as well as between populations 2 and 7 (Fig. 13) .
C. vulgare
In total 240 ISSR bands were obtained in 10 populations of C. vulgare which ranged in size from 170 to 300 bp. Ninety bands (37.5%) were specific for one population, while 17 bands were present in all populations except one. The values obtained for genetic diversity parameters in this species are in close range with the values obtained in other Ciricum species studied here. AMOVA revealed 9% of total variance is due to among populations while, 91% is due to within population differences and that no significant difference exists among populations (p = 0.18). The highest value of genetic distance (data not shown) occurred between populations 7 and 9 (GD = 0.67) followed by populations 6 and 9 (GD = 0.56).
NJ tree produced almost 3 major clusters. The populations 8-10 comprise the first cluster, to which populations 1-3 join with some distance. The populations 5-7 form the third cluster to which population 4 join them with some distance. The bootstrap values of some of the clusters are high and supportive. The Mantel test showed no significant association between geographical distance and genetic distance in the pop- ulations studied (r = −0.18, t = −1.10, p = 0.13).
PCoA plot (Fig. 14) agrees with NJ tree (Fig. 15 ) and reveals more detailed information about the population affinity. For example, population 4 is placed between the group of populations 1-3 and 5-7 and population 10 is well separated from the others.
Q matrix of STRUCTURE, produced a better visualization of sequence similarity versus difference in populations and clearly showed genetic admixture of the populations studied. For example, the populations 6 and 7 are different from the others in their sequence composition. These two populations almost lack some of the common alleles present in the other populations, for instance alleles colored in red and brown (Fig. 16 ). Population 9 also shows the occurrence of specific alleles and almost lacks the other population common alleles. The population 8 shows some degree of allelic similarity to this population although differs in some other alleles.
The populations 2 and 3 showed similarity in many alleles but differed in their frequency, while population10 shows extensive allelic rearrangements compared to the other populations studied. Finally reticulation tree (Fig. 17) indicates genetic exchange/allele similarity between population 3 and 4, also between 4 and 5 and 6. Population 1 shows allelic exchange with populations 8 and 9. Moreover, population 10 shows allele exchange with 3 populations of 5, 6 and 7.
Discussion
The presence of specific bands in populations studied and also lacking of single band in one or more populations indicate molecular polymorphism among taxa studied. Particularly low number of common ISSR bands in these populations point toward grate genetic diversity which was also quantified by genetic diversity parameters presented before. Variation in ISSR bands results in sequence changes due to either insertion/deletion or sequence rearrangements Noormohammadi et al. 2012) .
Cirsium species and populations studied here show wide geographical distribution, 3 species are growing mainly in the western part of Iran extending to toward center (C. echinus, C. vulgare and C. congestum), while 1 species (C. pyramidale) occupies a single province located in the southern part of the country. The area these species cover is about 1,200 km from west to south Iran.
Genetic diversity parameters values obtained both among populations and among the species studied were almost similar irrespective of their geographical distribution. These similar genetic diversity values answer one of our important questions if C. pyramidale which is confined in its geographical distribution has lower genetic diversity compared to other species studied having wider geographical distribution. The answer is no and such general belief does not hold true in this case.
However, Jump et al. (2003) state that Cirsium species show disparity in patterns of genetic variation at their range-edge, despite similar patterns of reproduction and isolation. They (Jump et al. 2003) reported variation in demographic parameters throughout the UK latitudinal range of three Cirsium species. C. acaule (stemless thistle) and C. heterophyllum (melancholy thistle) show northern and southern range limit in the central region of the UK and display a decline in seed production and density of populations toward their UK range edge, indicating that peripheral populations are more geographically isolated from one another than populations in core areas of the range. The third species, C. arvense (creeping thistle), which is widespread throughout the UK, did not reach a range limit and showed no latitudinal pattern in either of these traits. It is suggested that declining population density approaching the range edge leads to population genetic isolation (Brown 1984) and pronounced geographical structuring within a species (Lesica & Allendorf 1995) .
Our study does not show genetic isolation of the species populations as AMOVA did not show significant difference among populations. Moreover, STRUC-TURE and reticulation analyses clearly indicated admixture the genetic exchange among the populations studied. This also holds true even for C. pyramidale populations, which are endemic to Kerman province with limited geographical distribution. As stated before, degree of genetic diversity in this species matches with the other Cirsium species studied showing more extensive geographical scattering in the country. They reported high values of genetic diversity both between and within Cirsium species and found a significant difference among the populations which do not agree with our findings in Citcium species and populations of Iran. However, the mean Nei's genetic distance among population pairs reported in UK was 0.147-0.490 which almost agrees with the value obtained in the present study. Jump et al. (2003) reported significant correlation between genetic distance and geographical distance in Cirsium acaule and C. arvense but not in C. heterophyllum. Absence of association between geographical distance and genetic distance of populations was also observed in 4 Cirsium species studied here, which indicates it is species dependent. Jump et al. (2003) suggest that the lack of isolation by distance and the absence of geographical structure to genetic variation in C. heterophyllum may be due to the fact that the Cirsium species have wind-dispersible seeds and have occasional longdistance dispersal (Cain et al. 2000) . Such a reason may also holds true for lack of geographical structure in Cirsium species growing in Iran, particularly for C. pyramidele populations which grow in close vicinity and are confined to Kerman province. STRUCTURE and reticulation analyses also showed genetic admixture and exchange among these populations, supporting above said suggestion.
Bodo Slotta et al. (2006) used two types of genetic markers, inter-simple sequence repeats (ISSRs) and microsatellites to study genetic diversity between 10 populations of Canada thistle (Cirsium arvense) in North Dakota. Both marker types resulted in polymorphic alleles suitable for assessing diversity. Analysis of molecular variance (AMOVA), molecular diversity analyses, and cluster analysis were conducted. Highly significant variation was detected between populations (P < 0.01). The greatest variance recovered was between individuals within populations. Gene flow among populations in the Northern Great Plains was indicated by the presence of shared alleles between the North Dakota and Minnesota populations and in cluster formation. Multiple introductions and continued gene flow between populations has led to the continued success of Canada thistle as an invasive plant in North America. They reported high degree of variation within populations which is thought to be related to Canada thistle being an obligate out crossing, dioecious, perennial species (Durka et al. 2005) . We observed also a high degree of within population variance in all 4 Cirsium species studied which may indicates out crossing nature of Cirsium species growing in Iran as also supported by admixture and reticulation analyses.
In a similar study Bodo Slotta et al. (2010) examined genetic diversity within and among nearly 1,700 Canada thistle individuals from 85 North American locations with the use of seven microsatellite markers. They used PAUP and STRUCTURE programs to assess genetic diversity and relationships within and between populations. Populations exhibited greater within-population diversity (60%) than expected for a reported clonally reproducing species. Total diversity of sampled locations in North America (0.183) was less than previously reported for European locations (0.715, Jump et al. 2003) , which is more agreeable to the results of our own study, further indicating that different Cirsium species and populations differ in the range of genetic diversity in different regions of the world. They also found numerous instances where individuals from geographically distant regions clustered together, indicating long-distance translocation of prologues. However, isolation by distance analysis showed significant correlation between location and population genetic distances. Within populations, nearly 92% of individuals sampled harbored unique multilocus genotypes, strongly suggesting that sexual reproduction is common. Within populations, analysis of genetic structure indicated significant admixture of genotypes throughout the invasive range in North America (Bodo Slotta et al. 2010) , which is also congruent with the present findings.
Similar results were obtained for Hill's thistle (Cirsium hillii) an endemic and endangered Cirsium species in Canada (Freeland et al. 2010 ) by studying genetic diversity and population structure with the help of microsatellite markers. Genetic differentiation among populations was low, although significant pair wise Fst values, along with the presence of private alleles in most populations, was consistent with moderate to low gene flow. The genetic diversity within most populations was high, partially attributable to this species' combination of sexual and clonal reproduction. Despite high levels of genetic diversity, Hill's thistle should probably remain a designated species at risk because of ongoing habitat loss; however, our data suggest that Hill's thistle is unlikely to suffer from reduced genetic diversity in the foreseeable future. We encountered similar situation for C. pyramidale, which has limited distribution in Iran.
Cytological diversity accompanying molecular variation Our previous study (unpublished data) on polyploidy level and chromosome behavior of Cirsium species and populations revealed that populations of C. echinus, C. pyramidale, and C. congestum are diploid (2n = 2x = 34), while populations of C. vulgare is tetraploid (2n = 4x = 68). All populations formed mostly bivalents, although some amount of univalents and quadrivalents were also formed. One to two quadrivalents occurred in some of the species studied this was particularly interesting to occur in different populations of diploid species C. pyramidale and C. congestum which are expected form only bivalents. Such quadrivalents in diploid species indicate the occurrence of heterozygote translocations.
ANOVA (Analysis of variance) showed significant difference in chiasma frequency and chromosome pairing among the species. For example, C. vulgare showed significantly a higher mean values for relative total and intercalary chiasmata, while C. pyramidale showed significant higher mean value for quadrivalent formation. This indicates that although the polyploidy level in each species is fixed but the populations growing in different geographical regions and face different environmental conditions differ in their cytogenetic behavior particularly chiasma frequency and recombination index which is genetically controlled (Quicke 1993) . Moreover, diploid species C. pyramidale and C. congestum show the occurrence of quadrivalents as a result of heterozygote translocations which in turn lead to the formation of new adaptive linkage groups. A similar case has been reported in different populations of C. arvense (Nouroozi et al. 2010) .
Therefore, the present study shows cytogenetic diversity available in 4 species of C. pyramidale, C. congestum, C. echinus and C. vulgare populations which is accompanying molecular diversity in these populations.
Both allelic and chromosomal rearrangements, chiasma variability and the occurrence of heterozygote translocations are operating to help different populations to adapt to their localities. These genetic features definitely are cooperating with the mode of reproduction and pollination behavior in Cirsium species to establish these plants in nature and help them to propagate and live.
